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Abstract 


Phosphoric acid-doped polybenzimidazole-membrane-based PEM fuel cells were tested in the temperature range of 120-200 °C, with ambient 
backpressure and 0% RH. AC impedance spectroscopy, surface cyclic voltammetry and fuel cell performance simulation were used to obtain the 
exchange current densities for the cathodic oxygen reduction reaction (ORR) and anodic hydrogen oxidation reaction (HOR) on platinum-based 
catalysts at such high temperatures. The activation energies for ORR, HOR and membrane conductivity were also obtained separately. The results 
showed that temperature significantly affects the charger transfer and gas (O, and H2) diffusion resistances. The effect of O stoichiometry (ST,;,) on 
fuel cell performance was also investigated. Increasing ST,;, can effectively increase the O, partial pressure in the feed air, leading to improvements 
in both the thermodynamics and the kinetics of the fuel cell reactions. In addition, it was observed that increasing ST, could also improve the gas 


diffusion processes. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


High-temperature (90-200 °C) proton exchange membrane 
fuel cells (PEMFCs) have been considered the next generation of 
fuel cell because of their advantages over those operated at lower 
temperatures (usually below 80 °C). These advantages include: 
(1) faster electrochemical kinetics, (2) improved and simplified 
water management, (3) effective thermal management and (4) 
improved contamination tolerance [1,2]. 

However, several challenges posed by high-temperature oper- 
ation have been identified in recent years. The largest challenge 
is proton exchange membrane (PEM) materials. Perfluorosul- 
fonic acid (PFSA) membranes (such as Nafion) are the most 
widely used for conventional PEM fuel cells operated at tem- 
peratures below 90°C. Theoretically, Nafion-based membranes 
can be operated at temperatures lower than the glass transition 
value of ~130°C [3,4]. However, in the range of 90-130 °C, the 
structural and chemical degradation of the membrane material 
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is faster [5,6]. In addition, because the conductivity of PFSA 
membranes depends on the water content, these membranes 
become dehydrated at higher operating temperatures, resulting 
in decreased proton conductivity. The decrease in conductivity 
thus leads to a decrease in fuel cell performance. 

In addressing this issue, tremendous effort has focused on the 
development of and fabrication methods for high-temperature 
membranes [7]. In recent years, a polybenzimidazole (PBI) 
membrane, with a reported glass transition temperature of 
420°C [8] has been shown promise for high-temperature oper- 
ation due to its high thermal stability [9]. Although the proton 
conductivity of pure PBI is very low, after it has been doped 
by some acids [10] remarkable high proton conductivity can 
be achieved even in an anhydrous state, due to its special pro- 
ton conduction mechanism [11,12]. The most frequently used 
dopant is phosphoric acid, introduced in 1995 by Wainright et 
al. [13] for fuel cell applications. Since then, significant improve- 
ments have been made in membrane conductivity and fuel cell 
performance. The results obtained have shown that PBI and 
phosphoric acid-doped PBI (PA-PBI) membranes exhibit not 
only good proton conductivity [2,13—23] and low gas permeabil- 
ity [24-26], but also almost zero electro-osmotic drag [27,28], 
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as well as excellent oxidative and thermal stability [8,9,29]. 
Little work has dealt with the mechanical stability of PA-PBI 
membranes. Their mechanical stability decreases with increas- 
ing PA-doping level [19,24] and operating temperature [19,24], 
and increases with increasing molecular weight of PBI [24]. 
Therefore, it is necessary to select suitable PA-doping level 
and operating temperatures for a PBI membrane in order to get 
practical proton conductivity and mechanical stability. 

Work has also focused on the theoretical modeling of PBI 
membrane-based fuel cells [30-34], fuel cell components and 
performance degradation [35-38]. The oxygen reduction reac- 
tion (ORR) at elevated temperature and low relative humidity 
(RH) on platinum (Pt) interfaced with PA-PBI has also been 
studied [39,40]. With respect to performance, the effects of PBI 
based membrane electrode assembly (MEA) components and 
fuel cell operation conditions on performance were studied in 
relative detail [2,20,41—45]. 

In the effort to develop high-temperature PEMFC testing and 
diagnosis capabilities, PEMFC hardware design and the corre- 
sponding fuel cell performance with PA-PBI-based MEAs have 
been validated in our laboratory in a wide temperature range, 
from 23 to 300°C [46]. In this paper, fuel cell reaction kinetics, 
in particular ORR kinetics, is systematically investigated in a 
high-temperature range of 120—200°C, using the techniques of 
fuel cell polarization, AC impedance spectroscopy and cyclic 
voltammetry. The dependence of fuel cell performance on tem- 
perature and oxygen stoichiometry is also studied. 


2. Experimental 


MEAs used in this work were PA-PBI membrane based, 
purchased from PEMEAS Fuel Cell Technologies. Pt-based cat- 
alysts were used in both the anode and the cathode catalyst layers 
with a total Pt loading of 1.7mgcm~*. The active area of the 
MEAs was 2.6cm7”. The MEAs were tested in the tempera- 
ture range of 120—200°C using in-house single cell hardware 
with serpentine flow channels in the flow field plates. A bladder 
pressure of 5 atm was used to hold the single cell together and 
provide sufficient electrical contact between the MEA and the 
graphite bipolar plates. The compressed air and bottled hydro- 
gen (both of which are dry gases at 0% RH) were directly used 
as oxidant and fuel, respectively. In this work, we used air as the 
oxidant rather than pure oxygen. This is because from the point 
of view of commercialization and real applications of PEM fuel 
cells, usage of air is more practical to operate PEM fuel cells. In 
our previous experiments, at the same operating conditions, the 
performance of a fuel cell operated using oxygen is always bet- 
ter than that of one using air due to the increased oxygen partial 
pressure. The Tafel slopes for both air and pure O2 are almost 
the same, suggestion that the mechanism is almost independent 
on the O2 concentration. The flow rates of these feed gases were 
controlled by their respective mass flow controllers (MFCs). The 
two MFCs can provide air- and hydrogen-flow rates in the range 
of 0.02-1.00 standard litres per minute (SLPM). In this study, 
the H2 stoichiometry (STy, ) was fixed at 1.5, while the air sto- 
ichiometry (STair) was varied from 2.0 to 10.00. All tests were 
conducted at ambient backpressure. 


A Fideris™ 100 W test station controlled with FC Power 
software was used for polarization data collection. For cath- 
ode (or anode) surface cyclic voltammetric measurements, a 
Solartron 1287 potentiostat was used with the working electrode 
probe connected onto the cathode (or anode) and the counter 
and reference electrode probes connected onto the anode (or 
cathode). In this case, the anode (or cathode) served as both 
the reference and counter electrodes. During the measurements, 
the cathode (or anode) compartment was flushed with pure N2 
gas while the anode (or cathode) compartment was simultane- 
ously flushed with Hz gas. For the anode (or cathode) catalyst 
layer electrochemical Pt surface are (EPSA) measurements, the 
anode (or cathode) side was flushed with N2 and the cathode 
(or anode) was simultaneously flushed with H2, where the cath- 
ode (or anode) served as both the reference electrode and the 
counter electrode. The charges under those two hydrogen sur- 
face waves on the voltammogram near 150 and 230 mV (versus 
SHE), respectively, were used to estimate the EPSA by adopting 
a well-recognized value of 210 pC cm~? for hydrogen electro- 
chemical adsorption/desorption on a smooth Pt surface. 

For AC impedance spectroscopic measurements, a Solartron 
FRA 1252 was used in the frequency range of 10,000-0.01 Hz. 
AC impedance experiments at OCV were also conducted in order 
to obtain the apparent exchange current densities (AECDs) of 
the cathodic ORR and the anodic hydrogen oxidation reaction 
(HOR). For the measurement of AECD of ORR, the anode side 
and cathode side were flushed with Hz and air, respectively, 
while for the measurement of AECD of HOR, both the anode 
side and the cathode side were flushed with hydrogen. 


3. Results and discussion 
3.1. Fuel cell performance as a function of temperature 


Polarization curves were obtained using PA-PBI-based 
MEAs at different temperatures and ambient backpressure with 
dry hydrogen and air as reactant gases, as shown in Fig. 1. It can 
be seen that fuel cell performance can be significantly improved 
from 120 to 200°C. At the current density of 1.0Acm~?, the 
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Fig. 1. Polarization curves obtained at ambient back pressure, 0% RH and 
different temperatures (as marked). STy, = 1.5, STair = 2.0. 
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cell voltages are 0.366 V (120°C), 0.415 V (140°C), 0.44 V 
(160°C), 0.465 V (180°C) and 0.485 V (200°C). It is worth- 
while to note that the performance at 160°C is very close to 
that reported by PEMEAS Fuel Cell Technologies under the 
same operation conditions [47]. Polarization curves were also 
recorded at different temperatures with different oxygen stoi- 
chiometries such as 4.0, 6.0 and 10.0 (not shown here). For all 
stoichiometries, the performance has the same trend as that at 
STair of 2.0; that is, the higher the temperature, the higher the 
performance. This observation is consistent with the reported 
Ho/O2 [2,43,44] and H?/air [34,48] performances for PBI-based 
MEAs. 

It can be also observed from Fig. 1 that the gaps between 
polarization curves for two adjacent temperatures decreases 
slightly with an increase in temperature. For example, at the 
current density of 1.0 A cm7?, the voltage difference between 
120 and 140°C is 49 mV, while the voltage differences between 
140 and 160°C, 160 and 180°C, and 180 and 200°C are 29, 
25 and 20 mV, respectively. This may indicate that the tempera- 
ture effect on fuel cell performance is more pronounced at lower 
temperatures than at higher temperatures. 

Fig. 2 shows the MEA maximum power densities as a func- 
tion of temperature. A nearly linear increase of power density 
with increasing temperature can be observed, indicating the 
benefit of high-temperature operation. This observation is con- 
sistent with our previous work using Nafion-based MEAs in the 
temperature range of 23-120 °C [49]. 

In this work, we did not run lifetime tests of the MEA at OCV. 
This information will be in further work. According to reference 
[38], the performance of MEA decreased after 244.5 h at OCV 
tests. EIS indicated that both the cathode activation resistance 
and the mass transport resistance increased significantly. XRD 
showed that the cathode Pt crystallite size increased to as much 
as 5.3 times its original value. 


3.2. Temperature effect on exchange current densities of 
fuel cell reactions 


In order to get the AECD (A cm) of cathodic ORR and 
anodic HOR, AC impedance was conducted at fuel cell OCV 
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Fig. 2. Maximum power density of the PA-PBI-based membrane electrode 
assembly (MEA) as a function of temperature. Data from Fig. 1. 


conditions from 120 to 200°C. The method used to obtain 
the values of these kinetic parameters has been described in 
our previous papers [49,50], in which the Bulter-Volmer theory 
was used to simulate fuel cell performance. The Bulter-Volmer 
theory can be expressed as follows for cathodic and anodic 
reactions, respectively: 


Po — _ 
i= id, oy (e%20%0 Fnc/RT — eat) ao) Fne/RT) (1) 
Po, 
-O PH) ngg &y Fna/ RT —NgH(1—ay) Fna/ RT 
I, = ip, pocy (e —e ) (2) 
H2 


In Eqs. (1) and (2), R is the gas constant (8.314 J mol~! K7 !), 
T the temperature (K), F the Faradic constant (96,487 C mol D 
I, and J, the cathode and anode current densities, respectively; 
while id, and in, and are the AECDs for ORR and HOR at 
OCYV, respectively. ne and ņa are the cathodic and anodic over- 
potentials, respectively. The wo and ou are the electron transfer 
coefficients for ORR and HOR, respectively. ngo and nay are the 
electron transfer numbers in the rate-determining steps for ORR 
and HOR, respectively. POY and Po, are the partial pressures 
of Oz in the cathode chamber at fuel cell OCV and polarization, 
respectively. PRSY and Pp, are the partial pressures of H2 in 
the anode chamber at fuel cell OCV and polarization, respec- 
tively. If the values of parameters such as WS QO, Nad; ee 
Po, iF? QH, Hatt, PECH and Py,, are known, the 7, and na can 
be deduced at each current density. Then, by putting n. and na 
into Eq. (3), Vee can be simulated if E°CY and the membrane 
resistance (Rm) are known. In Eq. (3), Veer is the fuel cell voltage 
at current density of Leit, 


EOCV 


Veel = = Ne — Na — Ice Rm (3) 


Fig. 3 compares the simulated and measured fuel cell perfor- 
mances at different temperatures for current densities less than 
0.4 Acm~*. The simulated and measured data for each curve are 
fairly consistent, confirming that the measured exchange current 
densities are reliable. 

Note that the AECDs for ORR at fuel cell OCVs measured 
by the AC impedance method may contain contributions from 
the oxidation reaction of Ha that has crossed over from the 


0.90 
0.80 
0.70 
= 0.60 
S 
8 0.50 
£Q 0.40 Em 120°C, measured 120°C, simulated 
© 030 , Measured 140°C, simulated 
E "` , measured 160°C, simulated 
0.20 , measured —— 180°C, simulated 
00°C, measured —— 200°C, simulated 


0.10 


0.00 
0.00 0.05 0.10 015 020 025 030 035 0.40 


Current Density (A/cm?) 


Fig. 3. Measured and simulated polarization curves as a function of current 
density at different temperatures. 
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Table 1 


Apparent and intrinsic exchange current densities at different temperatures in the low current density range, measured at ambient pressure and 0% RH 


Temperature (°C) 


120 140 160 180 200 
iĝ,» apparent (A om" 2.30 x 10-3 2.05 x 10-3 2.64 x 10-3 3.60 x 10-3 5.43 x 10-3 
18, p/P)? intrinsic (A cm~?) 8.97 x 1075 1.05 x 10-4 1.51 x 1074 3.18 x 1074 7.88 x 1074 
ify,» apparent (A cm~?) 0.72 1.24 1.88 2.50 2.71 
Tiy» intrinsic (A cm~?) 1.02 x 107? 2.18 x 107? 3.51 x 107? 6.82 x 107? 1.16 x 107! 


anode, and contributions from the PtO/Pt redox reaction [50,51]. 
However, since the two reactions are faster than ORR, their con- 
tributions to the exchange current density measurements could 
be negligible. Based on measured ORR AECDs (iò) and HOR 
AECDs (ipp) the intrinsic exchange current densities (IECDs) 
for ORR and HOR can be calculated according to Eqs. (4) and 


(5), 


P 0.001678T 
, O 
id, = (EPSA). 10, (Pt/Pto) ee S 
O2 
Pa 0.5 
iy, = (EPSA), Ih eo Pe S 
2 


where (EPSA), and (EPSA), are the electrochemical Pt sur- 
face areas of the cathode and anode catalyst layers, respectively, 
with a unit of cm? Pt surface per cm? electrode geometric area 
(cm? cm~?); Jm JPO) and Theo are the IECDs of O2 reduc- 
tion on a Pt/PtO surface and of H2 oxidation on a Pt surface, 
respectively; and P» and Pio are the standard pressures of O2 
and Hg, respectively. The obtained parameter values at different 
temperatures are listed together in Table 1. 

Table 1 shows that temperature has a significant effect on 
the IECDs for both ORR and HOR; that is, the higher the tem- 
perature, the larger the exchange current densities. This trend 
is consistent with our previous results for a Nafion-based PEM 
fuel cell in the temperature range of 23-120 °C [49]. Table 1 also 
shows that the IECD of HOR is much higher (~ 107? times) than 
that of ORR. This indicates that the fuel cell reaction kinetics is 
determined by the ORR. 

The relationship between activation energy and the IECD 
should follow the Arrehnius theory [49]: 


o SE ut SCH 1 
Ino, (Pt/Pto)) = Ino, (Pyro) eat? (6) 
Ei vi 
Ia Il. eo) = Int Po) — SC DI (7) 


where Jl pt/pro) and Ty, pp are the ORR and HOR IECDs at 
unlimited temperature value, respectively. E O2 and E Hz are the 
activation energies for ORR and HOR, respectively. 

Fig. 4 shows the logarithm IECDs as a function of the recipro- 
cal of temperature. The activation energies can be obtained from 
the slopes of the two plots. Activation energies of 46.2 kJ mol~! 
for anode HOR and 41.4kJmol~! for cathode ORR are 
obtained. 
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Fig. 4. The IECDs of cathodic ORR and anodic HOR as a function of the 
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(kinetic range). Data from Table 1. 


3.3. AC impedance diagnosis for fuel cell performance 


In order to get a better understanding of the effect of tem- 
perature on fuel cell performance, AC impedance spectroscopy 
was used to diagnose the fuel cell. Fig. 5 shows the in situ AC 
impedance spectrum of a PEM fuel cell operated at 140°C and 
ambient pressure with a current density of 0.2 A cm". There 
are two semicircles on the spectrum, one in the high-frequency 
domain and the other in the low-frequency domain. Similar spec- 
tra have been widely reported in the literature for PEM fuel 
cells [52,53]. The intercept in the high-frequency domain on 
the Re axis of Fig. 5 represents the ohmic resistance of the 
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Fig. 5. Nyquist plot for a fuel cell operated at 140°C and ambient pressure with 
a current density of 0.2 A cm "7. Insert is the proposed equivalent circuit mode 
for PEM fuel cell. STy, = 1.5, Blue = 2.0. 
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fuel cell, which is dominated by membrane resistance. Thus, 
the membrane resistance in real fuel cell operating conditions 
can be measured. The first semicircle represents the fuel cell 
reaction kinetics, contributed to by both the cathodic ORR and 
anodic HOR processes. The second semicircle represents the 
mass transfer process, contributed to by the diffusion of oxygen 
and hydrogen to the Pt active surfaces and the proton transfer 
resistance within the catalyst layers. The insert in Fig. 5 shows a 
proposed equivalent circuit used to simulate the impedance data 
in this paper. Rm is the high-frequency resistance (the intercept 
on the Re axis at the high-frequency end), which represents the 
membrane resistance. R; is the charge transfer resistance, and 
CPE, (constant phase element) represents the R;-associated cat- 
alyst layer capacitance properties. Rmt is the resistance related to 
the mass transfer processes of gas (O2 and H2) diffusions in the 
catalyst layers. CPE? represents the Rmt-associated capacitance. 


3.3.1. Temperature effect on membrane resistance 

For example, Fig. 6 shows the membrane resistance as a func- 
tion of current density at two typical temperatures (160 and 
200°C). The membrane resistances here represent the proton 
transfer resistances within the fuel cell membrane, which were 
measured by AC impedance spectroscopy. The values are in the 
range of 0.08-0.11 Q cm’, close to that for a Nafion membrane 
under fully humidified conditions at 80°C, and consistent with 
the result reported by Jalani et al. [48]. The membrane resistance 
in the studied current density range decreases as temperature 
increases from 120 to 200°C. This is consistent with results 
reported by Ma et al. [16] and He et al. [17] for the resistances 
of PBI-based membranes. 

The proton conductivity mechanism of the PBI-based mem- 
brane is different from that of a PFSA-based membrane. The 
widely accepted mechanism for PBI is proton hopping (the pro- 
tons transfer from one carrier to another via hydrogen bonds) 
[15,54]. During the proton transfer, there is no net transport of 
any carrier species across the membrane. For a Nafion-based 
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Fig. 6. Membrane resistance as a function of current density. Data were obtained 
from in situ AC impedance of PA-PBI-based fuel cells operated at different 
temperatures and ambient pressure. STy, = 1.5, STair = 2.0. 


membrane, proton migration occurs via the vehicle mechanism; 
the protons diffuse through the medium via the solvated hydro- 
gen ion species, H30*. For a vehicle mechanism, conductivity 
follows Eq. (8) [55-57], 


Ea 
o = A exp Le (8) 


while, for a hopping mechanism, conductivity follows Eq. (9) 
[15-17,19,54], 


A Ea 
m Le (9) 


According to Eq. (9), the membrane conductivity of PBI, a 
reciprocal of the membrane resistance measured in this work, 
can be quantitatively described by Eq. (10) [15-17,19,54], 


In(oT) = ten — SS (=) (10) 


where o, on, EI R and T are the membrane conductivity 
(Scm7!), the pre-exponential factor (S K~!cm7!), the proton 
conducting activation energy (kJ mol" 1. the ideal gas constant 
(Jmol—! K7!) and the temperature (K), respectively. According 
to Eq. (10), the plot of In(oT) versus 1/T allows one to obtain 
the values of E and In(o9). Table 2 shows the obtained values 
of E® and In(oo) at several typical current densities. It can be 
seen that both parameters are almost independent of the cur- 
rent densities, indicating that fuel cell operating load has no 
effect on the proton conducting mechanism of the studied PA- 
PBI membranes. The average values for these two parameters 
are 19.9kJmol~! and 10.8SK~!cm7|, respectively, close to 
the reported values of ~28 kJ mol~! and ~10SK~!cm7! at 
the phosphoric acid-doping level of 630% and the RH of 5% 
[16]. 

Fig. 6 also shows that the membrane resistance can change 
with increasing current density. In the low current density region 
(<1.0 Acm~”), membrane resistance decreases with increasing 
current density. This could be because more and more water was 
produced by the electrochemical reaction at the cathode when 
the current density was increased, resulting in an increase in 
the proton conductivity of the PBI membrane [16,17]. In the 


Table 2 

Proton conducting activation energies and pre-exponential factors for a PA-PBI- 
based MEA at different fuel cell current densities in the temperature range of 
120-200 °C, with ambient backpressure and 0% RH 


Current density Proton conducting activation Pre-exponential factor 


(A cm~?) energies (E™) (kJ mol!) dn(00)) (S K7! cm~!) 
0.1 18.9 10.5 
0.3 19.7 10.7 
0.5 19.9 10.8 
0.8 20.1 10.8 
1.0 20.1 10.8 
1:2 20.1 10.9 
1.4 20.0 10.8 
1.6 20.2 10.9 
Average 19.9 10.8 


Stu, = 1.5, STair = 2.0. 
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Fig. 7. Charge transfer resistances as a function of current density at two different 
temperatures. STy, = 1.5, STair = 2.0. 


high current density region (>1.0 Acm™7), a balance between 
the produced water and the purged water can be established, 
resulting in a constant water-content level within the membrane, 
which is reflected by a constant resistance level. 


3.3.2. Temperature effect on charger transfer resistance 

Fig. 7 shows the fuel cell charge transfer resistances measured 
by in situ AC impedance spectroscopy at two typical tempera- 
tures. It can be seen that the charge transfer resistances decrease 
with increasing temperature, suggesting that the increasing tem- 
perature can effectively speed up the fuel cell reaction kinetics. 
In fact, both cathode ORR and anode HOR should contribute 
to the measured R,. In the low current density range, the anode 
polarization contribution may be negligible compared to that 
of the cathode. The R; could be considered to be the charger 
transfer resistance of ORR. However, in the high current den- 
sity range, the anode polarization contribution may need to be 
considered [49]; thus, the R; cannot be considered as the ORR 
charger transfer resistance here [49]. 


3.3.3. Temperature effect on mass transfer resistance 

Mass transfer in fuel cell catalyst layers includes two primary 
parts: the diffusion of oxygen to the cathode Pt active surface 
and the diffusion of hydrogen to the anode Pt active surface 
in the catalyst layers. Temperature can significantly affect the 
mass transfer in a fuel cell catalyst layer. At current densities 
higher than 0.4 Acm~?, the dominant process will be the gas 
transfer. Jalani et al. [48] found that the mass transfer losses due 
to gas diffusion are profound at current densities greater than 
0.4 A om". In our previous study, similar behaviour was also 
observed [58]. 

For example, Fig. 8 shows the gas transfer resistances mea- 
sured at different temperatures in the current density range of 
greater than 1.0Acm~?. It can be seen that the gas transfer 
resistance increases with increasing temperature. This trend is 
opposite to those of proton transfers in the membrane/catalyst 
layers and ORR/HOR reaction charger transfer, shown in 
Figs. 6 and 7. This could be interpreted as a trade-off of the 
temperature dependent gas diffusivity and solubility in the cat- 
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Fig. 8. Gas transfer resistances as a function of current density at two different 
temperatures (in high current density region). STy, = 1.5, STair = 2.0. 


alyst layers. Increasing temperature can effectively increase the 
gas diffusivity but reduce the solubility (or gas concentration 
in the diffusion medium). The increased diffusivity will result 
in a reduced gas diffusion resistance. However, the reduced gas 
solubility will result in an increase in gas diffusion resistance. 
For the case shown in Fig. 8, the effect of the reduced gas 
solubility might be larger than the effect of the increased gas 
diffusivity, yielding an increased gas diffusion resistance when 
the temperature is increased. 


3.4. Stoichiometry effect on fuel cell performance 


Fig. 9 shows the polarization curves obtained at 160°C 
with different oxygen stoichiometries (ST,ji,). The fuel cell per- 
formance increases as Su increases from 2.0 to 10.0. This 
performance improvement is pronounced in the high current 
density region. On the other hand, the maximum power den- 
sity can also be increased considerably. For example, at a 
cell voltage of 0.3 V, the current density is increased from 
1.57 to 2.07 A cm7? from stoichiometries of 2.0-10.0, result- 
ing in an increase of maximum power density from 0.472 to 
0.624 W cm~°. In order to understand the effect of the oxygen 
stoichiometry on performance, the AC impedance spectroscopic 
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Fig. 9. Polarization curves obtained at 160°C, ambient pressure and 0% RH 
with different oxygen stoichiometries (as marked). STy, = 1.5. 
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Fig. 10. Charge transfer resistances as a function of current density with different 
oxygen stoichiometries (as marked) in the low current density region. STy, = 
1.5. Cell temperature: 120°C. 


technique was used for diagnosis, as described in the following 
sections. 


3.4.1. Effect of oxygen stoichiometry on membrane 
resistance 

It was observed that there was no significant effect of the 
oxygen stoichiometry on the membrane resistance. For exam- 
ple, when STair was increased from 2.0 to 10.0, a membrane 
resistance increase of only approximately 3% could be observed 
in the current density range of 0-2.0 A cm7? at the studied tem- 
peratures (120, 140, 160, 180 and 200°C). 


3.4.2. Effect of oxygen stoichiometry on fuel cell reaction 
thermodynamics and kinetics 

Fig. 10 shows an example of the change in charger transfer 
resistance with oxygen stoichiometry at 120°C. A significant 
kinetic improvement can be seen when the STair is increased. 
This improvement can be largely attributed to the oxygen partial 
pressure increase exerted by the increased air flow rate. Fig. 11 
shows the average O% partial pressure inside the cathode as a 
function of STair at 140°C; the increase in O2 partial pressure 
with increasing ST ir can be seen clearly. The oxygen partial 
pressures (Po, ) in Fig. 11 are the averaged values over the partial 
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Fig. 11. Average O2 partial pressures as a function of current density at 140°C, 
ambient pressure and 0% RH with different O2 stoichiometries. STy, = 1.5. 


pressure values at the fuel cell inlet and outlet, assuming that the 
partial pressure distribution along the flow field channel is linear. 
From kinetic Eq. (1), it can be seen that an increase in Oz partial 
pressure can effectively enhance the fuel cell reaction kinetics 
due to the fact that the fuel cell current density is proportional 
to the Po,. 

Thermodynamically, the Nernst equation can be used to 
describe the effect of gas partial pressures on the O2/H2 fuel 
cell OCV: 


1/2 
RT. [PaP 

EOCY — poy Sy ( ER. (11) 
2F Po 


where E" is the ideal standard potential for fuel cell reac- 
tion, and Pp,o is the partial pressure of the water vapour. 
According to Eq. (11), an increase in the partial pressure of 
a reactant such as Op» can increase fuel cell OCV, resulting in an 
improvement in fuel cell thermodynamics. On the other hand, 
according to Eq. (3), with an increase in ECH. the fuel cell 
performance throughout the whole current density range will be 
improved. 


3.4.3. Effect of O2 stoichiometry on the mass transfer 
process 

Similar to the effect of temperature, the effect of STair on 
the mass transfer process in the low current density region was 
different from that in high current density region. In the low 
current density region (<0.4 Acm~7), the effect on the perfor- 
mance was not pronounced, suggesting that O2 stoichiometry 
has a negligible effect on the proton transfer process inside the 
catalyst layer. 

In the high current density range (>1.0 Acm~7), a significant 
effect of STair on the gas transfer process was observed. Fig. 12 
shows the Nyquist plots measured at the current density of 
1.5Acm~2 with different O2 stoichiometries. The second 
semicircle in the low frequency region represents the mass 
transfer resistance in the catalyst layer, which is shrunk with 
increasing ST,ir. This means that the gas transfer resistance in 
the catalyst layer is decreased when ST,j; is increased. The sim- 
ulated gas transfer resistances as a function of current density 
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Fig. 12. Nyquist plots measured at the current density of 1.5 A cm7?, 120°C, 
ambient pressure and 0% RH with different O2 stoichiometries (as marked). 
STy, = 1.5. 
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Fig. 13. Gas transfer resistances at 120°C, ambient pressure and 0% RH with 
different O2 stoichiometries. STy, = 1.5. 


at different S Tur are shown in Fig. 13. Therefore, increasing O2 
stoichiometry will benefit fuel cell performance by speeding up 
the gas transfer process inside the catalyst layers. 


4. Conclusions 


PA-PBI membrane-based PEM fuel cells were tested in the 
temperature range of 120-—200°C, with ambient pressure and 
0% RH. The exchange current densities for cathodic ORR and 
anodic HOR on Pt-based catalysts at such high temperatures 
were obtained through AC impedance spectroscopy, surface 
cyclic voltammetry and fuel cell performance simulation. The 
activation energies for ORR, HOR and membrane proton con- 
ductivity were also obtained separately. The activation energy 
of membrane proton conductivity is almost independent of the 
current densities, indicating that the fuel cell operating load has 
no effect on the proton conducting mechanism of the studied 
PA-PBI membranes. 

Temperature showed significant effects on the charger trans- 
fer and proton transfer resistances; that is, the resistances were 
reduced when the temperature was increased, suggesting that 
increasing temperature can effectively speed up these kinetic 
processes inside a fuel cell. However, an opposite effect of tem- 
perature on the gas (O2 and H2) diffusion processes inside the 
catalyst layers was observed, indicating that increasing tempera- 
ture can slow down the gas diffusion processes. This observation 
could be interpreted by the trade-off of the temperature 
dependent gas diffusivity and solubility in the catalyst layers. 

The effect of STair on the fuel cell performance was also 
investigated. Increasing STair can effectively increase the O2 
partial pressure in the feed air, leading to improvements in both 
the thermodynamics and the kinetics of the fuel cell reactions. In 
addition, it was also observed that increasing STair can improve 
the gas diffusion processes. 
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